The overall sex ratio of 1265 crayfish favored females 0.87:1. Females identified as form I individuals based on annulus ventralis architecture and presence of glair gland and ova had significantly wider pleons, longer chelae, and heavier bodies than similar CL form II female crayfish lacking these features. Form I males also weighed significantly more and had longer chelae than form II males of similar CL. This is the first evidence of the existence of reproductive form alternation in females in the genus Cambarus.
INTRODUCTION
Freshwater crayfishes in Cambaridae (Decapoda: Astacidea) reach their greatest diversity in North America north of Mexico, totaling 374 species with new species being described each year (Taylor et al., 2007; Crandall and Buhay, 2008) . Crayfish are important components of aquatic ecosystems in terms of their function as processors of energy (Huryn and Wallace, 1987; Momot, 1995; Nystrom et al., 1996) , as a keystone species in stream community structure (Usio and Townsend, 2004) , and as prey items for a variety of organisms including fish, birds, and mammals (Roell and Orth, 1993; Momot, 1995; Correia, 2001) . Crayfish also support viable bait and human food industries (Huner, 2002) .
Despite their abundance, diversity, and importance to stream function, little is known of crayfish ecology and natural history (Schuster, 1997; Hobbs, 2001) . Ecological information as basic as life history studies is lacking for much of the crayfish fauna of the United States and Canada (Taylor et al., 2007) . Specifically, life histories have been reported for only four of the 97 species of Cambarus: C. bartonii (Fabricius, 1798) , C. halli Hobbs, 1968 , C. longulus longulus Girard, 1852 , and C. robustus Girard, 1852 (Smart, 1962 Hamr and Berrill, 1985; Corey, 1990; Dennard et al., 2009) . This basic information is becoming more important as extinction rate estimates for crayfishes exceed the rates projected for freshwater fishes, amphibians, and aquatic snails (Ricciardi and Rasmussen, 1999) . Taylor et al. (2007) estimated that as much as 48% of the North American crayfish fauna required some sort of conservation status and protection, largely because of limited geographic ranges of many of the species. Because of their apparently narrow range of habitat requirements, these species are especially vulnerable to extirpation or extinction via natural and anthropogenic causes (Gilpin and Soulé, 1986) . Chief among man-made effects are habitat degradation and introduction of non-native crayfishes (Lodge et al., 2000; Taylor et al., 2007) .
The Elk River crayfish, Cambarus elkensis Jezerinac and Stocker, 1993 (Decapoda: Cambaridae) , is known only from streams in the Elk River drainage of central West Virginia (Jezerinac et al., 1995; Loughman et al., 2009 ). Jezerinac and Stocker (1993) noted its occurrence at 21 sites and a more recent statewide survey by Loughman et al. (2009) added only one distribution record. These investigators did not find C. elkensis in neighboring river drainages and at other mountain streams throughout the state. Because of its limited range, C. elkensis was considered threatened by Taylor et al. (2007) , and listed G2 (NatureServe, 2010) and S1 (WVNHP, 2007) . Little is known about C. elkensis, including basic information about life history patterns, habitat preferences, or the status of populations in the Elk River watershed. Understanding the basic patterns of life history and habitat associations is central to the formation of effective conservation plans for any species. Life history patterns such as population age structure, maturity, timing of the reproductive cycle, and fecundity are particularly important parameters because they are critical junctures in the life cycle of crayfish. JOURNAL OF CRUSTACEAN BIOLOGY, 31(4): 647-652, 2011 The primary purpose of this study was to describe the basic life history pattern of C. elkensis, including longevity, fecundity and reproduction, growth, and population structure. In conjunction with life history information, we collected morphometric data and these data were used to determine if differences existed between life cycle stages and to examine reproductive form alternation in cambarid females.
MATERIALS AND METHODS

Field Site Description
Left Fork of Holly River at Hacker Valley, West Virginia, was selected as the site for C. elkensis life history studies. Site selection was predicated on accessibility, water depth, heterogeneity of flow regime and substrate, lack of man-made disturbance, and relative abundance of the target species. Left Fork Holly River, a third-order stream at the study location (38.6257uN, 80.3833uW) is just downstream from the confluence with Laurel Fork. Watersheds above the study site are relatively undisturbed as the Laurel Fork watershed lies within Holly River State Park and the Left Fork Holly River watershed comprises pasture and forested lands.
Three major habitat or flow regime types were present at the sample site: runs, riffles, and pools. Little or no sedimentation was observed in any of the three habitats. The run habitat was about 20 m in length, 0.25-1.25 m deep and had a substrate of small boulders, large cobble, coarse gravel, and sand. Riffle habitat was shallower (0.1-0.5 m), 50 m in length, and contained a well-layered and clean substrate of small and medium sized boulders, large cobble, and coarse gravel. Pool habitat was 30 m in length and 0.1-1.5 m deep, and had a substrate of fissured bedrock, large and small boulders, and large cobble.
Treatment of Material
Crayfish were collected in June through August and October through November 2003, and March through May 2004 using a 1/8-inch mesh fish seine and a small dip net. Each of the three habitat types was sampled until the habitat failed to yield specimens or 50 individuals were obtained. The specimens were held in coolers, categorized for molt stage and reproductive form, measured, and returned to the stream.
Premolt, intermolt, and fresh molt stages were recognized in the collected specimens. Crayfish that showed separation of the carapace from the body were classified as premolt individuals. Crayfish that were hard or exhibited a black residue commonly accumulated between molts were classified as intermolt individuals. Crayfish that were soft, slick, and without any accumulated residue were classified as fresh molt individuals.
All crayfish collected were measured for carapace length (CL). Pleon length (AbL), female pleon width (AbW), right propodus length (RPrL), right propodus width (RPrW), left propodus length (LPrL), and left propodus width (LPrW) was measured on those crayfish collected in June. The right propodus measurements were analyzed unless a cheliped was missing or regenerated in which case the left propodus measurements were used. Linear measurements were made to the nearest 0.1 mm using digital calipers. Specimens collected in July and August were also weighed wet (WT) with a spring scale to the nearest g.
Crayfish life stage was recorded as either form I, form II, or juvenile individual. Male reproductive stage was determined by condition of the first pair of gonopods. In form I males the tips of the gonopods were corneous, yellow or golden colored, and blade-like. In form II males the tips of the gonopods were bulbous, not cornified, and usually white or cream colored. Females were classified as form I individuals if the annulus ventralis was well defined/sculpted and colored from orange to yellowishbrown. Ovigerous females and females observed with developed glair glands and ova in the gonopore were also classified as form I females. Females not exhibiting these conditions were classified as form II individuals. The CL for the shortest reproductively mature male or female individual was used as the threshold for determining if specimens were adult or juvenile.
Analysis of covariance (ANCOVA) was used to compare form I and form II stage WT, PrL, PrW and AbW within a sex. Differences in each sex's reproductive stage WT, PrL and AbW adjusted for CL, and PrW adjusted for PrL were detected using Student's t test after testing for slope homogeneity (Zar, 1999) . The AbW comparison was limited to female reproductive stage comparison. Sex ratio balance was tested with X 2 (Zar, 1999) .
The number and range of size classes were initially assessed by visually inspecting CL histogram percentages of individuals for each month. The initial assessments were then checked by plotting CL vs. cumulative histogram percentages on probability paper (Cassie, 1954) . Size class determination was further refined using the MIX 3.1 computer program, which uses maximum likelihood analysis to separate overlapping size distributions within the population (Macdonald and Pitcher, 1979) . These procedures were continually refined until a statistically and biologically acceptable life cycle was achieved.
RESULTS
A total of 1265 crayfish were collected. The sex ratios for the 1265 collected crayfish (0.87:1) and the August collection (0.68:1) favored females (X 2 5 5.7, P 5 0.017 and X 2 5 6.0, P 5 0.014, respectively). The sex ratios in all the remaining sampling months were statistically balanced.
Intermolt was the most frequently encountered molt stage, accounting for 87% of the collected individuals whereas the least frequently encountered stage was the premolt (5%). The three molt stages were encountered each month except for the month of March when only intermolt individuals were collected and in November when pre-molt individuals were not collected (Fig. 1) . Crayfish exhibiting signs of molt activity, either the premolt or fresh molt stages, were most prevalent in the July and August collections.
In the size-frequency distributions (Fig. 2) , the smallest crayfish in each of the collections represent the young-ofthe-year (Y-O-Y) crayfish hatched the previous year. For example, the distinct size class of small crayfish collected in March 2004 was released in late summer or early fall (August through October) 2003. Because of differential and slowed growth overlapping was observed between some of the size classes after one year of age. Five size classes and the degree of overlap in the distribution were identified with the MIX size frequency analysis (Table 1) . These size (year) classes, classified according to their presumed hatch year, remained intact and homogenous as growth progressed throughout the year.
Growth was faster for the smaller, younger year-class crayfish. In comparison, the increase in the mean CL for 2002-year class crayfish from June through May was 82% whereas the mean CL for the 2001-, 2000-, and 1999-year classes increased only 41%, 14%, and 3%, respectively ( Table 1) . The oldest 1998-year class crayfish (. 50 mm CL) disappeared from the collections sometime between fall (November) and spring (March) collections in their fifth year of life.
The only ovigerous females (n 5 3) encountered were collected in June. These females measured 36.7, 40.5, and 43.5 mm CL, and carried 102, 178, and 216 ova, respectively. One female of the 2000-year class (33.2 mm CL) with attached young was collected in October. The CL of the six attached young was estimated to be 4 mm.
Individuals of each sex and reproductive form were found throughout the year (Fig. 3) . Form I individuals were encountered less frequently than form II individuals except in the March and April samples when 50% and 54% of the adults were form I individuals, respectively. In these spring collections twice as many form I females were collected than form I males. The lowest monthly proportion of form I individuals (14%) was collected in November. The smallest form I individuals of either sex encountered had a CL $ 29 mm; smaller individuals were classified as juveniles. Juveniles comprised 57% of the collected crayfish and 42% of the juveniles were those crayfish in their first year of life (Y-O-Y).
Statistical analyses indicated that form I females were heavier than form II females when adjusted for CL (F 1,31 5 5.54, P 5 0.026) and had wider pleons than form II females (F 1,50 5 10.77, P 5 0.002). After adjusting for CL form I female propodus lengths were longer than those for form II females (F 1,51 5 10.38, P 5 0.002). In contrast, there was no difference in propodus width between form I and II females when adjusted for propodus length (F 1,51 5 0.17, P 5 0.69), or when adjusted for CL (F 1,51 5 3.61, P 5 0.06).
Significant differences were observed between male reproductive forms. Form I males were not heavier than form II males when adjusted for CL (F 1,50 5 2.719, P 5 0.106) but their propodus lengths were longer than those of form II males (F 1,51 5 13.52, P 5 0.001). There was no difference in propodus width between form I and II males when adjusted for propodus length (F 1,51 5 0.346, P 5 0.559), but there was a difference in width between form I males and form II males when adjusted for CL (F 1,51 5 8.86, P 5 0.005).
DISCUSSION
The life cycle of C. elkensis in Left Fork Holly River is similar in some but not all respects to the life cycles reported for other species of Cambarus. For example, females become ovigerous in June and July in this population and in Canadian populations of C. robustus and C. bartonii (Hamr and Berrill, 1985; Corey, 1990 ), but two months later than that observed for C. longulus in Virginia and C. halli in Georgia (Smart, 1962; Dennard et al., 2009 ). In the present study no free-living recently released instars were found in the late summer/fall (August through November) collections, contrary to the findings of other studies of species of Cambarus (Hamr and Berrill, 1985; Dennard et al., 2009) . Instead an individual with six attached young was collected in October, a clutch size considerably smaller than that observed on ovigerous females in June. Using the 35 days reported for the time of ovipositioning to independence of the young in cambarid crayfishes by Smart (1962) , this crayfish may have been in the process of releasing offspring from eggs attached in June or July. It is also possible that our sampling gear (1/8-inch mesh seine) failed to capture recently released offspring in the fall; another possibility is that a proportion of the young remained with the females over winter. Attempts to collect with small mesh dip nets were made in the margins of the stream but no recently released young were collected in the fall (October through November).
Only four ovigerous females have been examined; a 37.6 mm CL individual carrying 112 eggs collected in July by Jezerinac et al. (1995) and the three females collected by us in June. A positive linear relationship between the number of pleopodal eggs and C. elkensis CL was observed using the available data (pleopodal eggs 5 17.52 CL 2 541.28, r 2 5 0.98). An increase in pleopodal egg number with female size has been observed in representatives from each of the crayfish families (Corey, 1987; Reynolds, 2002; Beatty et al., 2005) . Corey (1987) suggested that crayfish fecundity was related to the space available for egg attachment and those factors that dislodge or cause egg losses.
The first collection of recently released young of C. elkensis occurred in March 2004, a cohort presumably hatched the previous summer/fall when females with eggs and attached young were collected. These Y-O-Y individuals reached a CL size of about 15 mm in one year and the minimum reproductive size (29 mm) in 2.5-3 years. In contrast, C. halli and C. longulus achieved minimum reproductive CL of 12-13 mm and 18-22 mm, respectively, at about one year of age (Smart, 1962; Dennard et al., 2009) . Although reproduction was initiated at these sizes and ages, most of the reproductive contribution by a year class occurred in subsequent years when females were larger and older, 2 years of age for C. halli and C. longulus and 3-4 years for C. elkensis, C. robustus, and C. bartonii (Smart, 1962; Hamr and Berrill, 1985; Corey, 1990; Dennard et al., 2009 ). The oldest cohort of C. elkensis disappeared from the collections during the winter months, sometime between November and March, having reached 61-64 months of age. Cambarus robustus and C. bartonii life spans were similar in length and approximately 2 years longer than those for C. halli and C. longulus. Those species that grew to a larger size, e.g., C. elkensis and C. robustus, lived longer than the species with smaller maximum sizes, i.e., C. halli and C. longulus.
Crayfish populations usually have even sex ratios and departures from balanced sex ratios favor males because of sexual differences in seasonal activity and catchability during the breeding season (Reynolds, 2002) . It is not clear why the observed C. elkensis sex ratio was biased in favor of females, particularly in August during the breeding period, because this population was not harvested. In the August collection, however, proportionally more females were intermolt stage and possibly more active and likely to be sampled than males from the population. Unbalanced sex ratios in favor of females have been observed in only a few other crayfish populations (Corey, 1990; Anastácio and Marques, 1995; Honan and Mitchell, 1995) .
The terms ''form I and form II'' had been applied exclusively to male crayfishes until Wetzel (2002) reported the occurrence of alternation of reproductive form in females of the genus Orconectes. Our study is the first report of the existence of reproductive form alternation in females in the genus Cambarus. Statistical analyses of female morphometrics bear out the existence of alternating forms in the females, and is further corroborated by the observation that the smallest females identified as form I individuals were the same size as the smallest form I males collected for the study.
Form I females of C. elkensis have longer chelae, wider pleons and are heavier than form II females of the same CL. Similarly, Wetzel (2002) observed that form I female pleons in four species of Orconectes were broader than same-sized CL form II female conspecifics. A difference in female pleonal width was not surprising because wider pleons in reproductive individuals provide more space for egg attachment (Corey, 1987; Honan and Mitchell, 1995) . Several studies have shown that adult crayfishes with larger chelae dominate similar-sized crayfish with smaller chelae (Stein, 1976; Snedden, 1990; Garvey and Stein, 1993; Guiaçu and Dunham, 1998; Mazlum and Eversole, 2005) . The difference in female chela length in C. elkensis may give form I females advantages in social encounters over other similar-sized form II females. These differences are relevant, particularly when competition occurs for limited resources, because reproductive forms of both sexes coexist in the population throughout the year.
Form I males of C. elkensis have significantly longer and wider chelae than form II males of similar CL. Form I males of C. robustus, due in part to larger chelae, dominated similar-sized form II males and were also more aggressive towards form II than other first form conspecific males (Guiaçu and Dunham, 1998) . Stein (1976) hypothesized that selection should favor large chelae in males because chela size is an important feature in determining success in sexual encounters with female conspecifics.
Form II to I male molts are reported to occur in distinct time periods with some variations among populations and species of Cambarus. Corey (1990) observed that form I males of C. robustus outnumbered form II males in the collections in June and July at one Canadian location whereas collections of this species at two other Canadian locations favored form I males one to two months later, in September (Hamr and Berrill, 1985) . In our study, the highest proportion of form I males of C. elkensis occurred in the August and October collections. These findings agree with Smart's (1962) observations that form II males of C. longulus molted to form I in fall (August or September) but differed from Dennard's et al. (2009) observations that C. halli males molt to form I in spring (March-May). The sampled populations of C. elkensis in West Virginia and C. longulus in Virginia were at similar latitude, whereas the sampled C. halli population was in Georgia, considerably farther south. Variation in life history features should be expected to occur among and within species at different locations; the degree and causes of this variation need further study.
Form I males of C. elkensis occurred in relatively high proportions throughout the year. This could be an artifact of the multi-cohort age distribution of the population, in that there were always some faster or slower growing (or alternatively, earlier or later hatching) members of each cohort that reach maturity earlier or later than the average cohort member. Alternatively, it could be that the adult male molt to either form I or form II, usually in the fall/ winter and spring/summer, respectively, was less synchronous. Our data show that, at least for the population of C. elkensis that we studied, this was the case. It also follows that estimating parameters of a crayfish species' or population's life history based strictly on the presence of form I males may not be as reliable as previously thought.
Until this study, data to indicate defined molting periods for the alternation of female reproductive forms (form II to form I) were limited to reporting female maturity based on the presence of glair glands, extruded eggs, or attached young. Using these criteria, Hamr and Berrill (1985) found the highest percentages of 'mature' female C. robustus in the May-July collections. The percentage of females of C. robustus with attached young peaked in August and was followed by an increase in the proportion of females without glair glands in September and October (Hamr and Berrill, 1985) . In our study using morphological measurements, the highest percentages of form I C. elkensis females in the collections occurred earlier (March and April) and the lowest percentages later (October and November) in the year than that observed for C. robustus by Hamr and Berrill (1985) . Whereas Hamr and Berrill (1985) did not sample 'mature' females of C. robustus in each month, in the present study form I females were found in all the collections of C. elkensis. One possible reason for the difference between the two studies could be Hamr and Berrill (1985) relied on evidence of reproductive activity whereas we also included morphological features for the identification of female reproductive form. Our ability to distinguish female reproductive forms using morphological characteristics (Wetzel, 2002 ; this study) should make it easier to elucidate differences in crayfish life history features among populations and species.
The identification of alternating reproductive form in females of C. elkensis is also significant because it points out that the life cycles of some cambarid crayfishes are probably more complex than commonly thought, and that future life history studies need to consider both male and female form I and form II individuals in the population. Differences in morphology between form I females and form II females is in itself interesting, because morphological differences, such as chela length, can confer advantages in conspecific interactions. An understanding of these and other life history features will be required for the development of effective conservation strategies for C. elkensis and other crayfish species of concern.
